Esters are major flavor compounds in fruits, which are produced in high volume. The widespread availability of these compounds in nature attracts interest on their behavior in anaerobic digestion in waste and wastewater treatments. The aim of this work was to study the effects of various esters at different concentrations in anaerobic digestion followed by determination of their minimum inhibitory concentration (MIC), and to study the effect of chain length of functional group and alkyl chain of ester on methane production. Addition of methyl butanoate, ethyl butanoate, ethyl hexanoate, and hexyl acetate at concentration up to 5 g L À1 increased methane production, while their higher concentrations inhibited the digestion process. The MIC values for these esters were between 5 and 20 g L À1 . Except hexyl acetate, the esters at concentration 5 g L À1 could act as sole carbon source during digestion. For ethyl esters, increasing number of carbon in functional group decreased methane production. For acetate esters, alkyl chain longer than butyl inhibited methane production. Effect of ester on methane production is concentration-dependent.
Introduction
Exploring and exploiting renewable and green energy is necessary in today's energy life style, not only because of the inevitable depletion of conventional sources of fossil energy but also due to the ecological-environmental effects caused by the conventional energy consumption. Biogas is a clean and renewable form of energy, which has a wide range of applications, such as vehicle fuel, cooking, heating, lighting, and electricity production. Biogas is produced by anaerobic degradation of organic substrates. Anaerobic digestion is one of the oldest processes and the most efficient treatment technologies, widely used for treating industrial wastes, municipal waste, and stabilization of wastewater sludge [1] . However, the fermenting organisms in biogas processes are sensitive to the process conditions and the substrate used. A wide variety of chemical substances have been reported to be inhibitory to the anaerobic digestion processes, resulting in decreasing or stopping the biogas production [2] .
One of the chemical substances that could impact biogas production is ester. Ester is one of the most important classes of chemicals produced in high volume [3] . It is widely used in various industries such as solvents, 1 plasticizer for cellulose, nail polish removers, perfumery product, plastic tubing, floor tiles, furniture, automobile upholstery, insect repellents, and as paint additive [3, 4] . Ester can be manufactured via chemical reaction by condensation of alcohols and carboxylic acids. In addition, it can be found in nature as the major volatile compounds in fruits. For instance, esters constitute 78-92%, 25-90%, and 13% of the total volatile mass of apple, strawberry, and raspberry, respectively [5] . Therefore, it is used as a flavor and fragrance compound in food industry. The widespread production and ability of some esters to migrate, make esters to be easily found in the environment [6] .
Since anaerobic digestion is mostly used to tread wastewaters, investigation of effect of ester on anaerobic digestion is important. Esters might be beneficial or detrimental to the anaerobic digestion. Some esters are reported to be degraded by Acetobacterium woodii and Eubacterium limosum, which are involved in anaerobic digestion process [7] . However, some phthalate esters (PAE) could reduce the biogas production at a concentration higher than 60 mg L À1 [8] . Besides, some esters are reported having antimicrobial activity against some standard microorganisms. Butyl acetate and hexyl acetate at 4 lL and 8 lL, respectively, were toxic to Conidia germination after incubation for 24 h at 22°C [9] . Hexyl acetate at concentration 150 mg L À1 has significant inhibitory effect against E. coli, S. enteritidis, and L. monocytogenes that were isolated both in model system and in fresh-sliced apples [10] . To our knowledge, scarce information is available on the effect of esters in methane production.
In this study, some esters that are available in nature as fruit flavor compounds and mainly used in food, cosmetic, and solvent industries were examined. The aim of this study was to investigate the effects of the ester compounds on biogas production, and their minimum inhibitory concentration (MIC). In addition, the effect of chain length of functional group and alkyl chain of ester on biogas production was investigated. .
Material and Methods

Microorganisms and chemicals
Anaerobic digestion
The method used for anaerobic digestion was adapted from the method described by Hansen et al. [11] and the OECD [12] with minor modifications. The experiments were carried out in a 120-mL glass bottle containing 50 mL of sludge, 1 mL of medium, and 2.5 mL of ester solution or distilled water (for a control). In order to measure methane production from the inoculum, the inoculum was incubated without addition of medium and ester solution in the glass bottle containing 50 mL of sludge and 3.5 mL of distilled water. The bottles were closed tightly and the headspace was filled with gas mixture containing 80% N 2 and 20% CO 2 to achieve anaerobic condition. The bottles were then incubated at 55°C for 28 days. During incubation, the bottles were shaken twice a day using water bath shaker (55°C) at 150 rpm. Gas samples were taken from headspace of the reactors through the septum using a syringe with pressure lock (VICI; Precision Sampling Inc., Baton Rouge, LA). Samples were taken at 3, 6, 9, 12, 15, 20, 25, and 30 days. The initial methane production rate was measured as the mean of methane production per day during the first 10 days.
Analytical methods
Biogas production from the digestion experiments was measured using Gas Chromatography (Varian 450 GC, Palo Alto, CA) with a capillary column (J 6 W scientific GS-Gas Pro, bonded silica based 30 m 9 0.32 mm, Agilent Technologies, Santa Clara, CA) and a thermal conductivity detector (Varian, Palo Alto, CA). The conditions for the analysis were injector temperature of 75°C, oven temperature of 100°C, detector temperature of 120°C, and column flow (N 2 ) 2 mL min À1 .
All experiments were carried out in triplicate batch experiment; the result was presented in average AE standard deviation. At the end of digestion, the pH of the sludge was analyzed. For statistical analysis, analysis of variance (ANOVA) with significance level of 0.05 was performed using a statistical package for the social sciences (SPSS version 21, International Business Machine Corporation, Armonk, NY).
Results and Discussion
The widespread application and high-volume production of esters have caused high possibility of ester found in wastewater of many industries. Various esters at different concentrations and different chain lengths of functional group and alkyl chain were added into a batch anaerobic digestion system. The gas production was measured to indicate the inhibitory or enhancement effect of the esters to the system.
Are esters beneficial or detrimental for biogas production?
In order to investigate the effect of the ester on biogas production, methyl butanoate, ethyl butanoate, ethyl hexanoate, and hexyl acetate were added at different concentrations. The inoculum was incubated in the presence of these esters at five different concentrations that are 0.05, 0.5, 5, 10, and 20 g L À1 . Table 1 and Figure 1 present a summary of the effects of esters on methane production. The results show that after 30 days, addition of ethyl butanoate, ethyl hexanoate, and hexyl acetate at concentrations up to 5 g L À1 resulted in increased biogas production ( (Table 1) . Addition of 20 g L À1 of ester reduced methane production by 47-90% and showed inhibitory effect since the early stage of digestion (Fig. 2) . These results indicate that the effect of esters on anaerobic digestion is concentration-dependent. At concentrations up to 5 g L À1 , esters are beneficial, whereas at higher concentrations than 5 g L À1 , the esters gave negative effect on biogas production. In order to evaluate the effect of esters on biogas composition, a methane content ratio was determined with the assumption that only methane and carbon dioxide produced during digestion. The results are presented in Figure 3 . The biogas composition of the control experiment was 63.6% of methane and 36.4% of carbon dioxide. Once esters were added up to 5 g L À1 , the methane content ratio of the reactors did not significantly vary compared with that of the control experiment without the esters. However, the methane content ratio declined with the presence of 10 g L À1 esters, and the biogas only contained 3-15% of methane in the presence of 20 g L À1 of esters. In the case of methyl butanoate, the methane production increased up to 34.8% at a concentration of 10 g L À1 , but the methane content ratio reduced from 63.6% to 48.9%. A MIC is defined as the lowest concentration of ester that will inhibit the activity of microorganisms during anaerobic digestion. Accordingly, the MIC of methyl butanoate was between 10 and 20 g L À1 , and for ethyl butanoate, ethyl hexanoate, and hexyl acetate it was 5-10 g L À1 . The precise action of antimicrobial activity of ester is not yet clear. One explanation could be due to the changes in permeability of the cell membranes, which cause leakage of cellular components and influence the metabolism of bacteria [13] . At the end of anaerobic digestion, the pH was measured which showed that the pH had decreased from 7.5-8 to 5-6 when ester at concentrations higher than 5 g L À1 (for ethyl butanoate and ethyl hexanoate) and 10 g L À1 (for methyl butanoate) were added ( Table 1 ).
The decrease in pH is caused by accumulation of volatile fatty acids as intermediate products that are produced during acetogenesis reaction. Inhibition could occur when accumulation of volatile fatty acids could no longer be handled by the buffering system of anaerobic digestion [14, 15] . Infantes et al. [16] reported that high energy is Digestion time (day) CH 4 production(ml) Figure 1 . Cumulative methane production with addition of ester compound at different
, and (□) control. consumed to maintain the intercellular pH at low pH which inhibits the cell metabolism.
Ester consumption
In order to confirm the assumption that esters can act as a carbon source, experiments using 5 g L À1 of esters as the sole carbon source were conducted. As control, the anaerobic glass digester was filled with inoculum without an added medium. The results are presented in Figure 4 and show that methyl butanoate, ethyl butanoate, ethyl hexanoate, and hexyl acetate gave higher methane production than did the control. This result is in accordance with a previous study reporting that methyl esters could be degraded to carboxylic acid and alcohol and would be further converted into methane by A. woodii and E. limosum [7] . Those microorganisms are found in all four stages of anaerobic biochemical reactions which have ability to degrade methyl ester of acetate, propionate, butanoate, and isobutanoate into carboxylic acid and methanol under anaerobic condition [7, 14] . According to the mechanisms of methyl ester degradation, methyl butanoate will be degraded into methanol and acetic acid. Ethyl butanoate and ethyl hexanoate probably also follow this mechanism. Hydrolytic bacteria degrade ethyl butanoate and ethyl hexanoate into ethanol and butanoic and hexanoic acid, respectively [15] . The carboxylic acid and alcohol will be further degraded through acetogenesis stage into acetic acid and hydrogen, which will finally be converted into methane [14] .
In order to evaluate the biogas composition produced from the esters, the methane content ratio was determined (Fig. 5) . The ratios produced from the methyl butanoate, ethyl butanoate, and ethyl hexanoate were varied from 64.7, 55.7%, and 54.1%. These values were slightly higher compared with those of the control Methane produced from ester = methane produced by sample methane produced by control. 2 Theoretical methane production from ester was calculated from following equation:
Ester consumption ¼ Methane produced from ester Theoretical methane production from ester Â 100% 4 (-)No production/no consumption. (50.2%). However, no methane was produced from hexyl acetate. Esters are mostly organic compounds. As an organic compound, the chemical reaction of degradation of organic matters is given in equation (1) .
Thus, theoretically, the potential methane production from esters can be calculated. According to the methane obtained from ester, ester consumption can be determined. The effect of concentrations and the presence of medium were investigated and the results are presented in Table 2 . The results show that in the presence of a medium, the highest ester consumption was obtained at their concentration of 0.5 g L À1 , which was up to 57.8-100%.
However, almost no esters were consumed at concentration higher than 10 g L À1 for all esters examined. In the absence of medium, ester consumption is in the range of 17.8-42.5% at concentration of 5 g L À1 . For ethyl butanoate and ethyl hexanoate, the ester consumption was similar either in the presence or absence of medium, whereas ester consumption of methyl butanoate was higher in the absence of medium. Interestingly, hexyl acetate exhibited a different behavior in terms of medium. It was consumed in the presence of medium while it acted as an inhibitor in the absence of medium, as shown by the significantly lower methane production than that of the inoculum. This might indicate a synergy effect between medium and hexyl acetate, enabling hexyl acetate to be consumed at this concentration.
Effect of chain length of the functional group (alkyl carboxylic chain) and Alkyl Chain of ester Esters consist of a functional group and alkyl chain. In this study, various carbon lengths of functional group and alkyl chains of esters were added as sole carbon source at concentration of 5 g L À1 . The results are presented in Table 3 , and Figures 6 and 7. The functional groups (R 1 COO-) of the ester were acetate (C2), butanoate (C4), and hexanoate (C6). The alkyls (-R 2 ) of the ester were methyl (C1), ethyl (C2), butyl (C4), and hexyl (C6).
For the experiments with ethyl ester, an increasing number of carbons in the functional group required longer time to achieve maximum methane production and it decreased the methane production (Fig. 6A) . For the experiments with acetate esters, the cumulative methane production was much higher compared to that of the control. When the alkyl was butyl (C4), it exhibited a longer lag phase compared to those of methyl (C1) and ethyl (C2). It was observed that strong inhibition occurred when the alkyl was hexyl (C6) and no methane was produced (Fig. 6B) . Moreover, the methane content ratio decreased with an increasing number of carbons both in the functional group and alkyl chain (Fig. 7) . The methane content ratio decreased from 59.8% to 54.1% with increasing number of carbon in functional group and it decreased from 59.8% to zero with increasing number of carbons in alkyl chain of esters. A correlation between increasing length of the ester side-chain and decreasing biodegradability as well as increasing the toxicity has been confirmed by Gavala et al. [8] Similarly, Merkl et al. [17] found that the derivative of phenolic acids, butyl ester is approximately three times more toxic than methyl ester. The hydrophobicity of ester increases with increasing chain length of ester. Esters have both a hydrophilic head and hydrophobic tail, which resemble to bipolar membrane of the bacterial cell wall. This similarity might be the reason the hydrophobic tail of ester targets the microorganisms cell membranes by penetrating and disrupting normal function of cellular membranes, thus resulting in the leakage of cells or even killing the cells [18] .
Conclusion
Addition of methyl butanoate, ethyl butanoate, ethyl hexanoate, and hexyl acetate at concentrations up to 5 g L À1 increased methane production. Addition of esters to anaerobic digestion at concentrations higher than 5 g L À1 decreased methane production. The MIC for methyl butanoate was between 10 and 20 g L À1 ,
while for ethyl butanoate, ethyl hexanoate, and hexyl acetate the MIC was between 5 and 10 g L À1 . Methyl butanoate, ethyl butanoate, and ethyl hexanoate at a concentration of 5 g L À1 could function as sole carbon source for the anaerobic digesting bacteria. For ethyl ester, the methane production decreased with increase in the number of carbons in the functional group. For acetate esters, with an alkyl chain longer than butyl, the number of carbons in the functional group started to give an inhibitory effect for methane production.
